We developed a multiplexed indirect immunofluorescent assay for antibodies to pneumococcal polysaccharides (PnPs) based on the Luminex multiple analyte profiling system (Luminex, Austin, TX). The assay simultaneously determines serum IgG concentrations to 14 PnPs serotypes: 1, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 12F, 14, 18C, 19F, and 23F. To 
Since 1985, 23-valent Streptococcus pneumoniae polysaccharide vaccines have been recommended for adults and children older than 2 years of age. 1 Infants and children younger than approximately 2 years of age do not produce a protective antibody response to purified pneumococcal polysaccharide vaccines, but do respond to the same polysaccharides when the polysaccharides are conjugated to T-dependent protein carriers. [1] [2] [3] This observation has led to the development of a new generation of pneumococcal-conjugated vaccines for infants and toddlers. The first of these to receive approval by the US Food and Drug Administration is Prevnar (Wyeth Lederle Vaccines, West Henrietta, NY). Prevnar contains purified capsular polysaccharides from 7 S pneumoniae serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F), coupled to a nontoxic variant of diphtheria toxin, CRM197. [1] [2] [3] In efficacy studies, Prevnar was shown to reduce invasive pneumococcal disease by more than 93% and pneumococcal pneumonia by 73%. 4 Prevnar also reduces the number of episodes of otitis media caused by serotypes present in the vaccine by 57%. 5 Evaluation of immune responses to vaccines requires precise and serotype-specific serologic measurements. Precision is achieved by standardization of reference reagents and methods across multiple laboratories. 6, 7 Enzyme-linked immunosorbent assay (ELISA) is the method most often used for pneumococcal vaccine antibody testing and has largely replaced earlier radioimmunoassay technology. [5] [6] [7] [8] [9] [10] ELISA technology is well suited for screening large numbers of samples against a single analyte. However, testing antibody responses to pneumococcal vaccines by ELISA requires a separate assay for each serotype contained in the vaccine. Furthermore, the dynamic range of the current ELISAs is limited so that repeated testing after additional dilutions often is required. These factors contribute to sample size considerations for clinical trials. Additional assays must also be done to assess possible interference with other childhood vaccines that are administered simultaneously. As more serotypes are added to the vaccine formulas, immunogenicity testing by ELISA becomes ever more laborious and time-consuming.
Luminex multiple analyte profiling technology (Luminex, Austin, TX) is a flow cytometric system that allows a single sample to be tested simultaneously for several different analytes. Our goal was to determine whether the Luminex system could replace ELISA to provide higher throughput and greater dynamic range on a smaller sample volume for pneumococcal antibody testing. We describe a Luminex immunoassay that simultaneously measured concentrations of antibody to 14 pneumococcal capsular polysaccharide serotypes.
Materials and Methods

Reagents
Pneumococcal polysaccharide (PnPs) antigens were purchased from American Type Culture Collection (ATCC), Manassas, VA. Pneumococcal C polysaccharide (C-Ps) was obtained from Statens Serum Institute, Copenhagen, Denmark. Pneumococcal ELISA absorbent (PnA), a crude cell wall polysaccharide preparation, was provided by Wyeth Lederle Vaccines, West Henrietta, NY.
N-Hydroxysulfosuccinimide (Sulfo-NHS) and 1-ethyl-3 (3-dimethylamino-propyl) carbodiimide-HCl (EDC) were obtained from Pierce, Rockford, IL. Cyanuric chloride, poly-L-lysine (PLL), diethanolamine, polyoxyethylene 23 lauryl ether (Brij 35), tris(hydroxymethyl)aminomethane (Tris) buffer, polyoxyethylene sorbitan monolaurate (Tween 20), and magnesium chloride were from Sigma, St Louis, MO.
Pneumococcal Antisera
The US human antipneumococcal standard reference serum, lot 89SF-2, was obtained from the Center for Biological Evaluation and Review, US Food and Drug Administration, Bethesda, MD. 6, 11 A panel of 50 pneumococcal quality control serum samples, which consists of samples obtained before and after administration of pneumococcal vaccine samples, was obtained from the National Institute for Biological Standards and Control, Potters Bar, England. The quality control serum panel was provided by David Goldblatt, Institute of Child Health, London, England, and is intended to be used for standardizing pneumococcal ELISAs. After establishing comparability of our ELISA method to the established assay, we subsequently used these serum samples to compare the Luminex assay with the ELISA. Other serum samples used in this study were submitted to ARUP Laboratories, Salt Lake City, UT, for pneumococcal antibody testing. Serum samples containing various concentrations of antibodies to pneumococcal polysaccharides were pooled to prepare controls and a secondary standard for the Luminex assay. Serum samples obtained after administration of 23-valent pneumococcal polysaccharide vaccine were used for competitive inhibition-of-binding studies.
Coupling of Pneumococcal Polysaccharides to Luminex Microspheres
PnPs were coupled to PLL by slight modifications of the cyanuric chloride method described by Gray. 12 PnPs were reconstituted in pyrogen-free water (NANOpure, Barnstead/Thermolyne, Dubuque, IA) at 5 mg/mL. Reconstituted PnPs antigens were mixed with an equal volume of a 0.01-mol/L concentration of sodium hydroxide with a 0.001% solution of phenolphthalein. The solution was added to cyanuric chloride (5 mg/mL) and mixed briefly. PLL was added to a concentration of 5 µg/mg of PnPs. The mixture was mixed again briefly and incubated overnight at 2°C to 8°C.
Each PnPs/PLL conjugate was passed through a Sephadex G-25 (PD-10, Amersham Pharmacia Biotech, Piscataway, NJ) desalting column and collected in 3.5 mL of a 0.05-mol/L concentration of phosphate and a 0.15-mol/L concentration of sodium chloride, pH 7.3 (PBS). Each PnPs/PLL conjugate was coupled to a carboxylated Luminex microsphere using a 2-step carbodiimide reaction. 13 Carboxylated microspheres were activated for 20 minutes at 6.25 × 10 6 /mL in PBS, pH 6.1, with 5 mg/mL of EDC and 5 mg/mL Sulfo-NHS. Activated microspheres were washed with PBS, pH 7.3, by centrifugation and incubated with PnPs/PLL at 1.25 × 10 8 microspheres per milliliter of PnPs/PLL conjugate. Following a 1-hour incubation at room temperature, microspheres were washed and stored in PBS, pH 7.3, with a solution of 0.1% bovine serum albumin and 0.05% sodium azide.
ELISA for Anti-PnPs
The ELISA method for determination of antibodies to PnPs was performed essentially as described by Quataert et al. 6, 7 PnPs antigens were diluted in PBS, pH 7.2, and absorbed to medium binding 96-well microtiter plates (Costar 9017) by incubation at 37°C for 5 hours. Test serum samples and the 89SF-2-reference serum samples were diluted in PBS with a solution of 0.05% Tween 20, 1 µg/mL of PnA and 2 µg/mL of serotype 22F polysaccharide. PnA absorbent is a preparation of soluble capsular components including C polysaccharide prepared from a capsule-negative strain of S pneumoniae. 6 Two-fold dilutions of the 89SF-2 standard and dilutions of test serum samples were added to prewashed PnPs-coated microtiter plates. Following a 2-hour incubation at room temperature, plates were washed with Tris-buffered saline, pH 7.2, with a 0.1% solution of Brij 35 and alkaline phosphatase-conjugated goat antihuman IgG (gamma-chain specific) (Jackson Immunoresearch, West Grove, PA) was added. After a second 2-hour incubation at room temperature, plates were washed again, and 100 µL of a 5 mg/mL solution of p-nitrophenyl phosphate in a 1-mol/L concentration of diethanolamine, pH 9.8, with a 5-mmol/L concentration of magnesium chloride was added to each well. The substrate reaction was stopped after a 2-hour incubation at room temperature by addition of 100 µL of 3N sodium hydroxide.
Luminex Multiplexed Assay for Pneumococcal Antibodies
A 2-step indirect procedure was used for the multiplexed Luminex assay for antibodies to pneumococcal polysaccharides. Pneumococcal standards and patient serum samples were diluted in PBS, pH 7.2, with a 0.05% solution of Tween 20 (PBST) and 2 µg/mL of PnA. Some assays also contained PnPs serotype 22F in the sample diluent at a final concentration of 2 µg/mL as a second absorbent. Serial dilutions of standard were included in each assay. Unknown serum and control samples were diluted 1:100. Each dilution of standard, control, and unknown serum samples was mixed with a set of PnPs-coupled Luminex microspheres in 96-well filtration plates (Millipore multiscreen, Millipore, Bedford, MA) and incubated for 20 minutes at room temperature with shaking. Microspheres were collected by vacuum filtration and washed with PBST. R-phycoerythrin-conjugated antihuman IgG (gamma-chain specific) (Jackson Immunoresearch) was added to each well. Following a second 20-minute incubation and wash step, microspheres were resuspended in PBST, transferred to a 96-well round bottom plate, and read in a Luminex 100 analyzer equipped with an XY platform. Data reduction was accomplished with StatLIA software (Brendan Scientific, Grosse Point Farms, MI).
Competitive Inhibition-of-Binding Studies
Serum samples from subjects after immunization with the vaccine were diluted 1:200 in PBST with 2 µg/mL of PnA. Some experiments also contained 4 µg/mL of serotype 22F polysaccharide as a second absorbent. Serum dilutions were preincubated with each of the purified pneumococcal serotype polysaccharides and C-Ps at final concentration of 50 µg/mL. Following a 1-hour incubation at room temperature, a 100-µL aliquot was mixed with 100 µL of PnPscoupled microspheres and assayed as described in the preceding section.
Results
We prepared a reference standard for our multiplexed assay by pooling human serum samples with high antibody levels to PnPs. Eight 4-fold dilutions of our reference standard were tested in the multiplexed Luminex assay ❚Figure 1❚. All 14 serotypes had similar parallel slopes and were linear over approximately seven 4-fold dilutions of our reference standard.
Antibody concentrations for PnPs serotypes have been assigned to the international reference standard, 89-S, using a well-established ELISA procedure that included PnA. 6, 7 We used the Luminex assay to assign anti-PnPs IgG concentrations to our pooled in-house standard by comparison with the 89-S reference standard. The Luminex assay also included PnA. Antibody concentrations for unknown serum samples then were determined by using our pooled secondary standard. Antibody levels in serum samples obtained from 3 individuals before and after receipt of pneumococcal polysaccharide vaccine are shown in ❚Table 1❚. The vaccine response to each of the 14 serotypes varied considerably from individual to individual, but in most cases there was an excellent rise in IgG antibody concentration after receipt of the vaccine. Antibody concentrations in paired serum samples (before and after receipt of vaccine) determined by the Luminex assay are shown in ❚Figure 2A❚ for an individual who received the 7-valent Prevnar conjugate vaccine and in ❚Figure 2B❚ for an individual who received 23-valent polysaccharide vaccine. 
Competitive Inhibition-of-Binding Studies
To assess the specificity of the individual PnPs assays, we measured inhibition of binding of human pneumococcal antiserum to PnPs-coupled microspheres. We preincubated 1:200 dilutions of serum from adults after pneumococcal vaccination ( Figure 2B ) with 50 µg/mL of each purified PnPs and with C-Ps at 50 µg/mL as a control. We then tested the preabsorbed serum dilutions for reactivity to the pooled PnPs-coupled microspheres in the Luminex assay.
Results of the absorption experiments with a high antibody-containing serum for serotype 14 are shown in ❚Figure 3A❚. Type 14 PnPs inhibited 98% of the binding to the microspheres coupled with the serotype 14 PnPs, while inhibition by the heterologous PnPs serotypes was less than 10% of the binding. This serum sample with high antibody content also showed excellent specificity for serotypes 3, 4, 6B, 7F, 18C, and 23F with more than 97% specificity. Absorption of the antibody was less than 10% with most of the heterologous serotypes.
The specificity of the serum samples to serotypes 1 and 19F was lower than for the aforementioned serotypes. heterologous serotypes, however, was high, ranging between 30% and 60% ❚Figure 3B❚ and ❚Figure 3C❚. We next investigated whether inclusion of serotype 22F polysaccharide in the sample diluent as an absorbent might improve the specificity of the Luminex assays. We repeated the aforementioned inhibition-of-binding studies but added serotype 22F polysaccharide at a final concentration of 2 µg/mL in addition to PnA in the sample diluent. The addition of 22F dramatically reduced the high level of heterologous inhibition that was seen with some serotypes. As shown in ❚Figure 4❚, inhibition of binding of the serum to serotypes 1 and 19F was reduced to less than 10% to 12% for most of the heterologous serotypes. Serotype 14, which showed good specificity without 22F, was not affected.
Comparison of Luminex With ELISA
Last, we compared the multiplexed Luminex assay with a standard ELISA method used for pneumococcal vaccine immunogenicity testing. [2] [3] [4] 6, 7 Fifty serum samples obtained before and after administration of pneumococcal polysaccharide vaccine, representing a range of pneumococcal antibody concentrations, were tested by both methods. ELISA results for 9 PnPs serotypes (1, 4, 5, 6B, 9V, 14, 18C, 19F, and 23F) were compared with the multiplexed Luminex assay results for the same serotypes. The 9 serotypes were tested simultaneously in the Luminex assay (along with the 5 additional serotypes) and individually by ELISA. For this comparison, both PnA and serotype 22F at final concentrations of 1 and 2 µg/mL, respectively, were added to the sample diluent of both assays as absorbents. Antibody concentrations for all 50 serum samples determined by both methods were analyzed using linear regression analysis. The slope and correlation coefficients determined from the linear regression analysis are summarized in ❚Table 2❚. A graphic display of the linear regression analysis for serotypes 1, 6B, 18C, and 23F is shown in ❚Figure 5❚. The Luminex assay had excellent correlation with ELISA for serotypes 6B, 14, and 23F with correlation coefficients (R 2 ) of approximately 0.95. The correlation between Luminex and ELISA for 6 other serotypes (1, 4, 5, 9V, 18C, and 19F) was also good, with R 2 values of 0.85 or higher.
Discussion
The Luminex multiple analyte profiling technology has a number of potential advantages over ELISA for pneumococcal vaccine testing. Rather than performing separate individual assays for each PnPs serotype in the vaccine, antibody concentrations for all serotypes can be determined simultaneously from a single serum dilution. This not only greatly reduces time and labor, but also conserves sample volumes, which, in the case of pediatric samples, might be in limited supply. For example, with Luminex, a single dilution of 10 µL or less of serum is sufficient for all 14 assays. By contrast, more than 100 µL of serum sample would be required to run 14 ELISAs using our current automated format. The Luminex assay described herein has a much greater dynamic range than ELISA. ELISA is linear over a 10-to 12-fold dilution range, 11, 14 while the Luminex assay was linear over a 32-fold dilution range (Figure 1) . With ELISA, a number of dilutions of unknown samples must be tested to ensure that optical density values fall within the limited range of the standard curve. The Luminex system with its greater dynamic range should greatly reduce the number of sample dilutions required. Finally, the reaction kinetics of the particle-based Luminex system is more rapid than the solid-phase ELISA system. Incubation times and total assay times, therefore, are much less with the Luminex system, thus allowing many more assays to be completed within an allotted time.
To covalently attach PnPs to Luminex microspheres, some chemical modification of the polysaccharides was required. Conjugation of PnPs antigens to PLL has been used to facilitate binding of PnPs antigens to low binding microtiter plates. 12, 14, 15 We adapted and extended this technique to allow us to covalently attach PnPs antigens to carboxylated Luminex microspheres.
Once PnPs antigens were successfully coupled to Luminex microspheres, we sought to confirm that the serotype-specific epitopes remained intact. To establish the serotype specificity of each individual PnPs assay, we did competitive binding studies with serum samples from adults after pneumococcal vaccination and demonstrated more than 94% inhibition of binding by homologous serotypes for all 14 serotypes. With only a few exceptions, inhibition of binding by heterologous serotypes was less than 15% for all 14 serotypes. These results indicate that the serotype-specific epitopes remained intact after PnPs antigens were coupled to the microspheres.
PnPs antigens available from ATCC contain from 1% to 30% by weight of C-Ps. 16 C-Ps is covalently linked to the type-specific PnPs. 17 All individuals have antibodies to C-Ps before immunization with pneumococcal vaccines. 16, 18, 19 Antibodies to C-Ps are not opsonic and, therefore, are presumed not to confer protective immunity. 18 Immunization with pneumococcal vaccines induces serotype-specific anticapsular antibodies that are opsonic and provide protection against S pneumoniae infection. 18 The more recent protocols for pneumococcal antibody testing by ELISA incorporate absorption with C-Ps to remove the nonspecific C-Ps antibodies. 9, 10, 20 Several groups of investigators, however, have reported antibodies in serum samples from before and after administration of vaccine directed to common antigens other than C-Ps. 8, [20] [21] [22] [23] Soininen and coworkers 22 measured inhibition of binding in an enzyme immunoassay to serotypes 6B, 14, 19F, and 23F. They found cross-reactivity of 50% or more to serotypes 6B, 19F, and 23F in serum samples from nonimmunized infants and adults and, to a lesser extent, in postvaccination serum samples from adults. Yu and coworkers 23 reported that 50% of adult prevaccination serum samples and 10% of adult postvaccination serum samples were cross-reactive to serotypes 4, 9V, 18C, 19F, and 23F. Up to 50% of the reactivity to these serotypes Concepcion and Frasch 8 recently reported that most of the 24 pairs of adult serum samples from before and after pneumococcal vaccination they studied contained crossreacting antibodies. These cross-reacting antibodies were not removed by absorption with C-Ps alone. They observed heterologous inhibition of binding in ELISA to serotypes 1, 3, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F but not to serotype 14. In some prevaccination serum samples, the heterologous inhibition was nearly as high as the homologous inhibition. These investigators have shown that the non-type-specific antibodies are not opsonic. Absorption with a heterologous serotype such as 22F in addition to C-Ps further removes non-serotype-specific antibodies and improves the correlation between ELISA and opsonophagocytosis assay titers. 8 As shown in Table 1 , the responses to 23-valent polysaccharide vaccines among the individuals we tested were quite variable. Individuals had strong IgG responses to some serotypes as evidenced by a high concentration of antibody that was highly specific as shown for serotype 14 in Figure 3A . All serum samples, however, also had lower antibody IgG concentrations to some serotypes. These lower-concentration antibodies were less specific. As shown in Figures 3B and 3C , more than 50% of the antibody in this serum to serotypes 1 and 19F was not specific. As reported by others, these nonspecific antibodies were not removed by absorption with C-Ps. In our studies, the addition of up to 50 µg/mL of additional C-Ps did not remove the cross-reacting antibodies. Inclusion of serotype 22F as an absorbent, however, greatly improved the serotype specificity of these low titer serum samples (Figure 4) .
We believe that the Luminex assay reported herein is an attractive alternative to ELISA for pneumococcal antibody testing. The procedure is rapid and sensitive and permits simultaneous testing of serotypes of interest. The assay shows good correlation with an established ELISA method used in recent pneumococcal vaccine efficacy studies and demonstrates good postvaccine responses. In lieu of more highly purified PnPs antigens, pneumococcal antibody testing in general might be improved by preabsorption of serum samples with serotype 22F. 
